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Abstract 

A  series  of  LiNi0.5Mn0.5_^CorO2  (0  <  x  <  0.5)  compounds  was  prepared  by  a  solid  state  reaction,  and  their  structural,  morphological  and 
electrochemical  characteristics  were  also  investigated.  Co  doping  suppresses  the  formation  of  the  impurity  phase,  NiO,  and  improves  the 
crystallinity  of  the  compounds.  Moreover,  the  unequilavent  substitution  of  cobalt  for  manganese  would  give  rise  to  the  increase  in  the  average 
valence  of  nickel,  thereby  shrinkage  in  the  lattice  volume  and  improvement  of  the  electrochemical  properties.  LiNiosMno^CoojCL  shows  a 
high  reversible  capacity  as  well  as  an  excellent  rate  capability  in  3-4.6  V. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

LiCoCE  is  one  of  the  predominant  cathode  materials  used 
in  commercial  lithium  and  lithium-ion  batteries.  Due  to  the 
relatively  high  cost  and  toxicity  of  cobalt,  many  efforts 
have  been  made  to  develop  new  materials  as  alternatives  to 
LiCoCb.  Layered  LiNio.5Mno.5O2  is  of  great  interest  as  a 
promising  cathode  material  for  lithium  secondary  batteries 
because  of  its  high  reversible  capacity  (about  200  m  A h  g  ~ 1 
in  the  voltage  range  of  2. 5^4. 5  V),  good  cyclic  performance 
as  well  as  excellent  thermal  stability  [1-5].  It  was  first  re¬ 
ported  by  Spahr  et  al.  [1]  and  re-proposed  by  Ohzuku  et  al. 
[2,3]  and  Dahn  and  co-workers  [4,5].  Although  it  had  been 
regarded  as  a  one-to-one  mixture  of  LiNi02  and  LiMn02, 
the  valences  of  nickel  and  manganese  have  been  determined 
to  be  +2  and  +4,  respectively  [6],  different  from  those  in 
LiNiCL  (Ni  is  trivalent)  and  LiMnCE  (Mn  is  trivalent).  How¬ 
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ever,  one  of  its  drawbacks  is  its  lower  electronic  conduc¬ 
tivity,  which  dramatically  reduces  its  specific  capacity  even 
at  a  moderate  current  density  [7].  It  has  been  reported  that 
layered  LiNii/3Mni/3Coi/302  exhibited  a  good  rate  capabil¬ 
ity  as  well  as  a  high  reversible  capacity  [8-10].  This  re¬ 
minds  us  that  cobalt  doping  in  LiNio.5Mno.5O2  may  im¬ 
prove  the  electrochemical  properties  ofLiNio.5Mno.5O2  since 
LiNii/3Mni/3Coi/302  can  be  considered  as  a  compound  of  the 
cobalt  substituted  LiNio.5Mno.5O2.  Several  groups  [11-16] 
have  investigated  the  structural,  morphological  and  electro¬ 
chemical  properties  of  LiNio.s  -  ^Mno.s  _  ACo2A-02,  and  the 
decrease  in  the  area  specific  impedance  (ASI)  [11]  as  well 
as  improvement  in  the  rate  capability  was  reported  [12,13]. 
For  LiNio.5_.vMno.5_iC02.vO2,  there  is  no  charge  compen¬ 
sation  because  one  Ni2+  ion  and  one  Mn4+  ion  were  pre¬ 
sumably  substituted  with  two  Co3+  ions.  If  one  Mn4+  ion 
is  replaced  by  a  Co3+  ion,  charge  compensation  will  occur, 
which  would  result  in  the  formation  of  an  oxygen  deficiency 
or  mixed  Ni3+/Ni2+.  It  is  well  known  that  the  existence  of 
mixed-valent  cations  significantly  contributes  to  the  inher¬ 
ent  electronic  conductivity  of  electrodes  during  charge  and 
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discharge  [17].  As  a  matter  of  fact,  an  improved  electronic 
conductivity  was  observed  in  LiCoi  _AMg  AL  due  to  the 
creation  of  a  compensating  hole  [18].  Therefore,  it  is  neces¬ 
sary  to  study  the  structural  and  electrochemical  properties  of 
LiNio.sMno.5  -  aMa02  in  which  the  valence  of  M  is  different 
from  tetravalent. 

In  the  present  study,  L  i  N  i  q  5  M  n  < )  5  _  A.  CoaO  2  (0<x<0.5) 
compounds  were  prepared  by  a  solid  state  reaction  and  their 
structural,  morphological  and  electrochemical  characteristics 
were  investigated. 


2.  Experimental 

Stoichiometric  Ni(OH)2  (Wako),  Mn(CH3C00)24H20 
(Wako)  and  CoO  (Wako)  were  dispersed  into  acetone  and 
thoroughly  mixed.  The  obtained  mixtures  were  attempted  to 
pre-heat  at  450 °C  for  6h  in  air,  N2  and  CL.  After  being 
ground,  the  resulting  precursors  were  mixed  with  stoichio¬ 
metric  LiOHTLO  (Kishida)  and  pressed  into  pellets.  These 
pellets  were  sintered  at  950  °C  for  25  h  in  O2  and  then  cooled 
to  room  temperature  in  the  furnace.  We  found  that  the  final 
products  show  the  lowest  impurities  content  in  terms  of  their 
XRD  profiles  if  their  precursor  were  treated  in  NL.  So,  we 
just  provided  their  results  in  this  work. 

The  XRD  measurements  were  carried  out  using  a  Rigaku 
Rint 1 000  diffractometer  equipped  with  a  monochromator  and 
Cu  target  tube. 

The  scanning  electron  microscope  (SEM)  study  of  the 
samples  was  performed  by  Hitachi  S-4000  electron  micro¬ 
scope. 

The  charge/discharge  tests  were  carried  out  using  the 
CR2032  coin-type  cell,  which  consists  of  a  cathode  and 
lithium  metal  anode  separated  by  a  Celgard  2400  porous 
polypropylene  film.  The  cathode  contains  a  mixture  of  20  mg 
of  accurately  weigh  active  materials  and  13  mg  of  the  teflo- 
nized  acetylene  black  (TAB-2)  as  the  conducting  binder.  The 
mixture  was  pressed  onto  a  stainless  mesh  and  dried  at  130  °C 
for  5  h.  The  cells  were  assembled  in  a  glove  box  filled  with 
dried  argon  gas.  The  electrolyte  is  1  M  LiPEf,  in  ethylene 
carbonate/dimethyl  carbonate  (EC/DMC,  1:2  by  volume). 

A  cyclic  voltammetry  study  was  carried  out  using  a  home¬ 
made  tri-electrode  cell,  using  metallic  lithium  as  the  counter 
and  reference  electrodes  and  1  M  LiPFf,  in  ethylene  carbon¬ 
ate/dimethyl  carbonate  (EC/DMC,  1 :2  in  volume)  as  the  elec¬ 
trolyte.  Three  milligrams  of  the  active  material  was  well 
mixed  with  2  mg  TAB-2  and  pressed  onto  a  stainless  mesh 
with  an  area  of  about  0.75  cm2.  The  cell  was  operated  at  a 
scan  rate  of  0.05  mV  s“ 1  in  the  voltage  range  of  3-4.6  V  ver¬ 
sus  Li/Li+. 


3.  Results  and  discussion 

The  color  of  the  as-prepared  LiNio.5Mno.5O2  is  dark- 
brown  whereas  the  colors  of  the  LiNio.5Mno.5-.vCoA02 
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Fig.  1.  XRD  patterns  of  L i  N  i 0 . XI n 0  5  _  A C oA O 2  compounds  prepared  at 
950  °C. 

compounds  are  black,  implying  that  cobalt  substitution  for 
manganese  induces  some  changes  in  the  energy  level  of 
the  LiNio.5Mno.5O2.  Fig.  1  shows  the  XRD  patterns  of 
LiNio.5Mno.5-ACov02.  An  impurity  phase,  NiO,  was  ob- 
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Fig.  2.  Lattice  parameters  vs.  x  in  LiNio.5Mno.5-j-Coj.O2  compounds. 
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served  in  LiNio.5Mno.5O2,  which  is  related  to  the  preferential 
formation  of  Li2Mn03  to  LiNi02  [19].  However,  its  diffrac¬ 
tion  peaks  disappear  in  the  LiNio.sMno.s  - ACoA02  com¬ 
pounds  with  x  >  0. 1 ,  suggesting  that  the  substitution  of  Co 
for  Mn  can  promote  the  formation  of  LiNio.sMno.s  _  ACoA02- 
Moreover,  the  LiNio.sMno.s  _  ACov02  compounds  have  a  lay¬ 
ered  structure  in  terms  of  their  XRD  profiles  and  all  peaks 
can  be  indexed  on  the  basis  of  the  ct-NaFeC>2  structure  (space 
group  R3m).  As  the  cobalt  content,  x,  increases,  both  (0  0  3) 
and  (110)  peaks  shift  to  a  higher  angle,  indicating  that  cobalt 
doping  shrinks  the  lattice  along  both  a  and  c  axes.  Moreover, 
the  splitting  between  (10  8)  and  (110)  peaks  becomes  clear. 
As  illustrated  in  Fig.  1,  the  intensity  ration  of  /003//104  in¬ 
creased  after  the  cobalt  doping.  Since  this  ratio  is  sensitive 
to  the  degree  of  cation  mixing  [20],  this  result  suggests  that 
cobalt  doping  seems  to  suppress  the  occurrence  of  cation 
mixing. 

The  lattice  parameters  of  the  LiNio.sMno.s  _  vCo.v02  com¬ 
pounds  were  roughly  calculated  and  the  results  are  illustrated 
in  Fig.  2.  The  lattice  parameters  for  LiNio.5Mno.5O2  are 


a  =  2.89  A  and  c=  14.31  A,  quite  consistent  with  Ohzuku’s 
reported  results  [2].  As  the  cobalt  content  increases,  the  lat¬ 
tice  parameter,  a ,  decreases  monotonously  while  the  lattice 
parameter,  c,  gradually  decreases  from  14.31  A  for  x  =  0  to 
14.19  A  for x  =  0.4  and  then  down  to  14.13  A  forx  =  0.5.  The 
cell  volume  decreases  from  103.51  A3  forLiNio.5Mno.5O2  to 
99.49  A3  for  LiNio.5Coo.5O2;  this  shrinkage  is  about  4%.  It 
is  well  known  that  the  radius  of  Co3+  (0.545  A)  is  slightly 
larger  than  that  of  Mn4+  (0.53  A)  while  smaller  than  that 
of  Ni3+  (0.69  A)  [15].  Moreover,  the  valences  of  Ni  and  Co 
in  LiNio.5Coo.5O2  are  both  trivalent.  Thus,  we  believed  that 
the  shrinkage  in  the  lattice  parameters  should  be  ascribed  to 
the  decrease  in  the  Ni2+  content.  The  trigonal  distortion,  da, 
gradually  increases  from  4.95  for  x  =  0  to  4.96  for  x  =  0.5, 
quite  consistent  with  Ohzuku’s  reported  results  [21].  This  in¬ 
dicates  that  the  substitution  of  cobalt  for  manganese  promotes 
the  formation  of  a  layered  structure. 

SEM  photographs  of  LiNio.sMno.s  _ACoA02  prepared  at 
950  °C  were  provided  in  Fig.  3.  LiNio.5Mno.5O2  has  an  ag¬ 
glomerated  morphology  and  the  size  of  the  primary  parti- 


Fig.  3.  SEM  photographs  of  LiNio.sMno  5  _*Cox02  compounds. 
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Fig.  4.  Cyclic  voltammograms  of  LiNio  5M110.5 -xCox02  compounds  oper¬ 
ated  from  3  to  4.6  V  at  a  scan  rate  of  0.05  mV  s~ 1 . 

cle  is  on  a  nano-scale.  As  the  cobalt  content  increases,  the 
morphologies  of  the  particles  become  well  shaped  with  an 
enlarged  size.  Moreover,  there  is  a  relatively  homogeneous 
size  distribution.  The  average  particle  size  forx  >  0.2  is  about 
1-2  |xm.  These  results  suggest  that  Co  doping  improves  the 
crystallinity  of  the  LiNio.5Mno.5_ xCox02  compounds. 

Fig.  4  are  cyclic  voltammograms  of  the  LiNio.5Mno.5_x 
Coy02  compounds  operated  from  3  to  4.6  V  at  a  scan 
rate  of  0.05  mV  s“ 1 .  Two  anodic  peaks  were  observed  in 
LiNio.5Mno.5O2.  One  is  at  about  3.86  V  (peak  1)  and  the 
other  is  at  about  4.35  V  (peak  2).  Since  Arachi  et  al.  [22] 
reported  that  the  divalent  nickel  was  oxidized  to  trivalent  af¬ 
ter  charging,  we  ascribe  peak  1  to  Ni2+/Ni3+  redox  couple 
while  attributing  peak  2  to  the  Ni3+/Ni4+  redox  couple.  As 
the  cobalt  content  increases,  the  peak  potential,  Ep\  slightly 
shifts  to  a  lower  value  while  £p2  dramatically  changes.  More¬ 
over,  the  shapes  of  both  peak  1  and  peak  2  become  sharp, 
implying  that  Co  doping  improves  the  kinetic  properties  of 
the  LiNio  sMno  s  _ ACoA-02  compounds. 


Fig.  5.  Initial  charge-discharge  curves  of  LiNio.sMno.s-xCovOj  com¬ 
pounds  operated  at  a  current  density  of  0.4  mA  cm-2  (40  rnA  g  1 )  from  3  to 


4.6  V. 


Table  1 

The  initial  charge/discharge  capacities  as  well  as  irreversible  capacity  of  the 
LiNio.5  \1 110  5  _  ACoA0?  compounds 


X 

1  st  charge 
(mAhg-1) 

1st  discharge 
(mAhg-1) 

Irreversible  capacity 
(mAhg-1) 

0.0 

185 

134 

51 

0.1 

193 

149 

44 

0.2 

211 

172 

39 

0.3 

212 

176 

36 

0.4 

203 

164 

39 

0.5 

200 

157 

43 

Fig.  5  shows  the  initial  charge-discharge  curves  of  the 
LiNio.sMno.s  _  ACo  v02  compounds  operated  at  a  current  den¬ 
sity  of  0.4  mA  cm-2  (40  mA  g~  *)  from  3  to  4.6  V.  All  samples 
are  the  same  in  terms  of  the  shape  of  their  charge/discharge 
curves  and  no  new  plateau  is  observed.  It  is  noted  that  the  po¬ 
larization  of  the  cells  declines  as  the  cobalt  content  increases. 
Since  the  polarization  of  a  cell  is  closely  related  to  its  internal 
resistance,  we  believe  that  cobalt  doping  would  be  helpful  in 
decreasing  the  charge  transfer  resistance.  Furthermore,  the 
cobalt  substitution  for  manganese  increases  both  the  initial 
charge  and  discharge  capacities  and  decreases  the  irreversible 
capacity,  as  illustrated  in  Table  1.  However,  when  the  cobalt 
content,  x,  is  over  0.3,  both  the  initial  charge  and  discharge 
capacities  slightly  decrease  while  irreversible  capacity  in¬ 
creases  slightly.  This  is  probably  related  to  the  reduction  in 
the  Ni2+  content  as  well  as  the  larger  particle  size  for  x  =  0.4 
and  0.5. 

The  rate  capability  of  the  LiNio.sMno.s _.vCov02  com¬ 
pounds  operated  in  the  range  of  3-4.6  V  is  illustrated  in 
Fig.  6.  Cells  were  charged  at  a  current  density  of  0. 1  mA  cm-2 
and  discharged  at  0.1,  0.2,  0.4,  0.8,  1.6  and  3.2mAcm~2 
in  the  1st,  2nd,  3rd,  4th,  5th  and  6th  cycles,  respectively. 
Co  doping  can  significantly  improve  the  rate  capability, 
and  LiNio.5Mno.2Coo.3O2  exhibits  the  best  rate  performance. 


Fig.  6.  Rate  capability  of  LiNio.sMno.s  _xCoa:02  compounds  operated  from 
3  to  4.6  V. 
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Fig.  7.  Cyclic  performance  of  LiNio.5Mno.5-xCoA-02  compounds  operated 
from  3  to  4.6  V. 

When  the  discharge  current  density  increases  from  0.1  to 
3.2  mA  cm-2,  the  discharge  capacity  decreases  from  181  to 
140  mAh  g~ 1 ,  about  77%  of  the  initial  discharge  capacity.  We 
believe  that  the  upgraded  rate  capability  results  from  the  im¬ 
proved  electronic  conductivity  due  to  the  presence  of  mixed 
nickel  in  these  compounds. 

Fig.  7  shows  the  cyclic  performance  of  the 
LiNio.5Mno.5 -aCov02  compounds  operated  at  a  current 
density  of  0.4  mA  cm-2  (40mAg_1)  at  room  temperature. 
All  compounds  excepting  for  LiNio.5Coo.5O2  show  good 
cycleability  in  the  range  of  3^L6  V.  The  poor  cyclic 
performance  of  LiNio.5Coo.5O2  has  been  ascribed  to  the 
large  change  in  the  unit  cell  volume  during  the  charge 
and  discharge  cycling  [21].  Co  doping  significantly  im¬ 
proves  the  reversible  capacity.  The  discharge  capacity  of 
LiNio.5Mno.2Coo.3O2  is  151  mAhg-1  after  25  cycles,  about 
86%  of  its  initial  discharge  capacity. 

4.  Conclusions 

Due  to  the  unequivalent  substitution  of  cobalt  for  man¬ 
ganese  in  LiNio.5Mno.5O2,  the  average  valence  of  nickel  in¬ 
creases  in  order  to  maintain  the  electric  neutrality  of  the  com¬ 
pound.  This  results  in  shrinkage  in  the  lattice  volume.  More¬ 
over,  the  increase  in  the  reversible  capacity  as  well  as  the 


improvement  in  the  rate  capability  were  also  attributed  to 
the  presence  of  the  mixed  valent  nickel  in  these  compounds. 
These  results  suggest  that  the  unequivalent  substitution  of 
foreign  metal  ions  for  Mn  ions  in  LiNio.5Mno.5O2  is  an  ef¬ 
fective  method  to  improve  the  electrochemical  properties  of 
LiNio.5Mno.5O2. 
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